Background and Aims Floating sweet-grass (Glyceria fluitans) can form aerial as well as floating leaves, and these both possess superhydrophobic cuticles, so that gas films are retained when submerged. However, only the adaxial side of the floating leaves is superhydrophobic, so the abaxial side is directly in contact with the water. The aim of this study was to assess the effect of these different gas films on underwater net photosynthesis (P N ) and dark respiration (R D ).
INTRODUCTION
Flooding can result in partial or complete submergence of terrestrial plants, which is a severe abiotic stress (Bailey-Serres and Voesenek, 2008) . Partial or complete submergence is a stress for the plant as it involves waterlogging of the root system and the shoot being submerged in floodwater. During submergence, the approx. 10 000-fold reduction in diffusion of gases in floodwaters limits the availability of O 2 and CO 2 for aerobic underwater dark respiration (R D ) and underwater net photosynthesis (P N ), respectively (Armstrong, 1979; Colmer et al., 2011) . Terrestrial plants can, however, still photosynthesize under water if both light and CO 2 levels are sufficient. In air, CO 2 enters the tissue via open stomata, but, under water, the stomata are assumed to close . Thus, CO 2 first has to overcome the resistance caused by the aqueous diffusive boundary layer via slow molecular diffusion and then subsequently cross the cuticle, which also constitutes a significant resistance to CO 2 uptake Verboven et al., 2014) . Some terrestrial wetland plants acclimate to facilitate gas exchange under water by the production of new 'semi-aquatic' leaves which are thin, as well as having reduced cuticles and rearrangement of chloroplasts closer to the epidermis, all resulting in lower resistance to CO 2 diffusion to chloroplasts (Madsen and Sand-Jensen, 1991) . However, it takes time for the leaves to acclimate and develop these traits to enhance underwater gas exchange .
It is well described that total resistance to underwater CO 2 uptake varies with different types of leaves. A study on 35 plant species occurring in the transition zone between land and freshwater showed that leaves of terrestrial plants achieved lower rates of underwater P N compared with acclimated leaves of amphibious plants, and with leaves of truly aquatic plants performing best under water (Sand-Jensen et al., 1992) . This study did not include species with floating leaves that maintain gas exchange with the overlying atmosphere via functional stomata (Dacey and Klug, 1982) , but floating leaves have been shown elsewhere also to possess high resistance to underwater gas exchange when assessed under submerged conditions (Nielsen, 1993; Frost-Christensen and Sand-Jensen, 1995) . Here, not only underwater P N but also aerobic underwater R D was limited by slow diffusion under water and high cuticle resistance (Frost-Christensen and Sand-Jensen, 1995) . Consequently, it seems that floating leaves do not enhance flood tolerance since floating leaves and aerial leaves both perform poorly when completely submerged.
A leaf trait present in some aerial leaves, which enhances exchange of O 2 and CO 2 with the floodwater, is the ability to retain a gas film around the leaves when submerged (Raskin and Kende, 1983; Beckett et al., 1988; Colmer and Pedersen, 2008) . The formation of a leaf gas film is caused by superhydrophobic cuticle surfaces, and the gas films have been demonstrated to increase underwater gas exchange and thus CO 2 entry to sustain underwater P N during the day and improve internal aeration during the night (Pedersen et al., 2009; Winkel et al., 2013) . The improved underwater gas exchange provided by leaf gas films has been suggested to result from a large gas-water interface and rapid gas-phase diffusion within the gas film to open and functional stomata (Verboven et al., 2014) . This results in an approx. 5-fold reduction in total resistance to gas exchange between the leaf and the floodwater compared with a situation where the gas film had been removed experimentally (Colmer and Pedersen, 2008; Pedersen et al., 2009 ). Leaf gas films provide immediate benefits upon submergence in contrast to leaf traits associated with formation of aquatic leaves with reduced cuticles that may take days or weeks to develop . However, it has been shown that leaf gas films disappear after some days under water as the leaves become hydrophilic, typically after 2-6 d of submergence (Winkel et al., 2014; Konnerup et al., 2017) . Therefore, it can be argued that gas films are beneficial for short-term submergence, whereas the mechanism of producing leaves with reduced cuticle and higher permeability is a suitable strategy for wetland plants that are exposed to prolonged submergence.
In the present study, the objective was to investigate leaf characteristics in relation to partial or complete submergence of the flooding-tolerant grass species Glyceria fluitans (L.) R. Br. (floating sweet-grass) (Mony et al., 2010) . Field observations had shown that this wetland species can grow partially submerged in standing water and in this situation possesses two types of leaves: aerial and floating leaves. We had observed that when the plant became completely submerged, the aerial leaves retained a gas film on both sides of the leaf, whereas the floating leaves only retained a gas film on the adaxial side (the side facing the atmosphere when floating on the water). This observation prompted testing of whether there are structural differences between the leaf sides and how the capacity to retain a gas film is associated with leaf macro-, micro-and nanostructures. Furthermore, we also elucidated how the presence of gas films affected underwater P N in aerial and floating leaves. For these research questions, we applied scanning electron microscopy (SEM) and anatomical measurements to describe leaf surfaces, and we measured underwater P N and leaf cuticle O 2 permeability was assessed with O 2 microelectrodes.
MATERIALS AND METHODS

Plant material
The experiments on Glyceria fluitans were based upon fieldcollected material from a natural population (55�243766 � N, 12�012339 � E; Fig. 1A , B). Ramets with emergent shoots and aerial leaves were brought back to the laboratory and floating leaves were harvested from plants in the field. The youngest fully expanded floating leaf was sampled and placed in a tray with water from the collection site, where it floated on the water surface with the adaxial side facing the atmosphere. Floating leaves were always oriented like this when observed in the field situation (Fig. 1B ; and temperature ¼ 7�8 6 0�4 � C (mean 6 s.e., n ¼ 3).
Underwater net photosynthesis
Underwater net photosynthesis (P N ) was measured based on O 2 evolution in a sealed glass vial following the approach of Pedersen et al. (2013) . In brief, leaf segments (n ¼ 4) of approx. 1 cm 2 taken from the middle of the youngest fully expanded leaf were incubated in 25 mL glass vials with a solution of artificial lake water (one leaf segment in each vial). The artificial lake water was based on the culture medium described by Smart and Barko (1985) adjusted to a carbonate alkalinity of 2�0 mol m . In order to reduce photorespiration, equal volumes were purged with air or N 2 and then mixed to reduce the initial O 2 concentration to approximately half air equilibrium (air equilibrium at 20
); this approach has been proven effective in the case of rice (Setter et al., 1989) and also for the aquatic isoetid Isoetes australis . To obtain a well-defined concentration of free CO 2 , additional KHCO 3 was added and the pH was adjusted with HCl to convert HCO -3 into CO 2 according to Stumm and Morgan (1996) immediately prior to siphoning the solution into the photosynthesis vials; see Pedersen et al. (2013) for details on preparation of the photosynthesis solution. In experiments where leaf gas film formation was manipulated (Figs 2-4), leaf segments were brushed with 0�05 % Triton X-100 to remove hydrophobicity prior to incubation.
The transparent glass vials each holding a leaf segment were rotated on a vertical wheel immersed in a constant temperature bath (20 � C) and were illuminated with a LEP lamp (PRO LEP 300, Gavita, Aalsmeer, The Netherlands) providing a photon flux of 1000 lmol photons m -2 s -1
. After incubation, O 2 evolution was measured using an O 2 optode (OP-MR, Unisense A/S, Denmark); vials prepared in the same way but without tissues served as blanks. After laser scanning of leaf segments, the projected (one-sided) area of each leaf segment was measured using ImageJ (Schneider et al., 2012) The side-specific underwater dark uptake of O 2 was used to evaluate if O 2 permeability differed between the adaxial and abaxial side of floating leaves. First, both sides were brushed with 0�05 % Triton X-100 to remove hydrophobicity completely and thereby prevent any formation of gas films during measurements. In the case of the abaxial side that had already lost hydrophobicity when the leaf floated upon the water surface in the field situation, the brushing also served to remove biofilms that would otherwise impact the O 2 microprofiles. Then 4 cm long segments were prepared from the same leaf and fixed with pins in a glass Petri dish with 2�5 % agar, with the adaxial side of one segment facing upwards and with the abaxial side of the With gas film Without gas film
FIG. 2. Underwater net photosynthesis (P N ) vs. CO 2 concentration in leaves of
Glyceria fluitans. Underwater P N was measured on controls (with gas films) or on leaf segments brushed with 0�05 % Triton X-100 on both sides to remove hydrophobicity and thereby prevent formation of leaf gas films (without gas films). The leaf segments were taken from aerial leaves from field-collected plants. Data are means 6 s.e., n ¼ 4 (small error bars are in some cases masked by the symbol); the data set representing leaf segments with gas films were fitted to a Michaelis-Menten model (K m ¼ 172 6 21 mmol m -3 and V max ¼ 7�1 6 0�2 lmol O 2 m -2 s -1 (mean 6 s.e.). Underwater net photosynthesis measured at 700 mmol CO 2 m -3 (P N ) in floating leaves of Glyceria fluitans. Underwater P N was measured on controls (no brushing), on leaf segments brushed with 0�05 % Triton X-100 on both sides or on leaf segments brushed with Triton X-100 on either the abaxial or adaxial side to remove hydrophobicity and thereby prevent formation of leaf gas films. The leaves were collected in situ from a pond where the leaves were floating with the abaxial side on the water surface. Data are means 6 s.e., n ¼ 5, and different letters indicate significant differences (P < 0�05, Tukey test).
other segment facing upward, i.e. each Petri dish contained two leaf segments. Artificial lake water was then added to cover the segments completely, and stirring was provided by blowing a constant stream of air across the water surface using a Pasteur pipette connected to an air pump (Jørgensen and Revsbech, 1985) . The stirring furthermore served to maintain the water at air equilibrium during measurements. The measurements were carried out at 20 � C in darkness. The gradient in O 2 concentration inside the diffusive boundary layer (DBL) was measured using an O 2 microelectrode (OX25; Unisense A/S, Denmark) mounted onto a motorized micromanipulator (MM33 and MC-232; Unisense A/S) and connected to a picoamp meter (Multimeter; Unisense A/S). The microelectrode was polarized to 0�8 V and the signal was collected using the software SensorTrace Suite (Unisense A/S) that also controlled the motor. Microprofiles of O 2 were taken at steps of 25 lm from outside the DBL and up to 50 lm into the leaf tissue. /m. The diffusion coefficient used for O 2 was 2�1039 � 10 -9 m 2 s -1 at 20 � C (Jørgensen and Revsbech, 1985) .
Gas film thickness and tissue porosity
The mean gas film thickness and tissue porosity of leaf segments were measured using a buoyancy method as initially A microelectrode with a tip diameter of 25 lm was used to obtain discrete measurements of O 2 in darkness by moving it in steps of 25 lm starting approx. 800 lm above the leaf surface. Within the DBL, O 2 transport towards the leaf surface is by pure molecular diffusion, and the O 2 flux into the leaf was calculated by multiplying the inverse slope by the diffusion coefficient for O 2 (2�1039 � 10 -9 m 2 s -1 at 20 � C and 0 salinity) (B) O 2 fluxes calculated from O 2 profiles into the leaf segments with only one of the two leaf surfaces exposed to the submergence water. Both leaf surfaces were brushed with 0�05 % Triton X-100 to prevent formation of leaf gas films as the aim was to compare leaf cuticle resistances. Asterisk indicates significant difference between the two leaf surfaces. Values are means 6 s.e. (n ¼ 6). described by Raskin and Kende (1983) . The buoyancy of approx. 5 cm long leaf segments from the mid lamina of the youngest fully expanded leaf was measured in de-ionized water with a four digit balance mounted with a hook underneath before and after brushing with 0�05 % Triton X-100. Leaf gas film thickness was calculated as gas volume (m 3 ) divided by the projected area (m 2 ) as gas film thickness was only measured on one side at a time; see Colmer and Pedersen (2008) for details. Leaf segments were then placed under vacuum at least three times for 5 min until all internal gas volumes were infiltrated by water, and then buoyancy was assessed again. Leaf porosity was calculated according to Raskin (1983) using the equations as modified by Thomson et al. (1990) .
Contact angle
The contact angle (CA) of minute water droplets with the underlying surface can be used to classify surfaces as superhydrophilic (CA < 10 � ), hydrophilic (CA > 10 � and <90 � ), hydrophobic (CA > 90 � and <150 � ) or superhydrophobic (CA > 150 � ) (Koch and Barthlott, 2009 ). The classification is relevant to the current study as only superhydrophobic surfaces retain a gas film when submerged in water (Shirtcliffe et al., 2005) .
The CA was assessed by positioning a water droplet of approx. 3 lL on the leaf surface (Adam, 1963; Brewer and Smith, 1997) , held flat using double-sided tape. Droplets were applied to the lamina using a custom-made syringe and photos were taken at � 90 magnification using a horizontally positioned digital microscope camera (Dino-Lite AM4013MZTL, IDCP, Naarden, The Netherlands). The CA was measured using ImageJ (Schneider et al., 2012) as demonstrated in Fig. 1C , D.
Stomatal counts
The stomatal density per unit leaf area was measured on surface impressions of the lamina obtained by painting enamel nail polish onto the surface and then stripping it off when dry. These impressions were viewed under magnification (Olympus BX60, Olympus Corporation, Tokyo, Japan) and images were captured using a digital camera. Stomata numbers were counted and calculated per leaf area using ImageJ (Schneider et al., 2012) .
Scanning electron microscopy
Leaf segments were frozen immediately after sampling and then freeze-dried (Ensikat et al., 2010) . Samples were gold coated in a sputter coater for 90 s and then analysed using a scanning electron microscope (FEI Inspect S, Hillsboro, OR, USA) at 12�5 kV and �150-5000 magnification.
Data analysis
Graphpad Prism 7�0 was used to prepare figures and to carry out relevant statistical analyses. In the table and figures, the means 6 s.e. are provided, and a significance level of 0�05 was used for all tests. The type of test used and the results of the analyses are reported in the table footnoote and figure legends.
RESULTS
Aerial leaves
The water-repellent leaves of Glyceria fluitans observed in the field situation (Fig. 1A, B) prompted us to test whether the leaves retained a gas film when submerged. We used aerial leaves that had never been floating on the water surface and measured the CA -a proxy for hydrophobicity (Adam, 1963 ) -as well as gas film thickness. The CA of the adaxial side was significantly steeper than that of the abaxial side ( Table 1) that would normally float on the water surface (Fig. 1A, B) , and both sides had a mean CA > 150 � , rendering both superhydrophobic (Koch and Barthlott, 2009 ). Interestingly, the adaxial side also formed a thicker gas film during submergence compared with the abaxial side (Table 1 ). Stomatal density was not different between the adaxial and abaxial sides.
The abundant gas film formation during submergence of aerial leaves also resulted in significantly higher underwater net photosynthesis (P N ) than in leaves where the hydrophobicity had been experimentally removed to prevent gas film formation. Leaf segments with gas films responded steeply to increasing CO 2 availability in the artificial floodwater and reached CO 2 saturation already at around 1000 mmol CO 2 m -3 (Fig. 2) . The estimated K m of leaves with gas films was 172 mmol CO 2 m -3 which was well below the early morning habitat concentration of approx. 700 mmol CO 2 m . In stark contrast, leaf segments without gas films followed an almost linear increase in underwater P N with increasing CO 2 until the two response curves converged at around 3000 mmol CO 2 m -3 (Fig. 2) ; the linear nature of the CO 2 response curve for leaves without gas films precluded a Michaelis-Menten fit.
Floating leaves
In the field situation, the leaves of G. fluitans are often found floating on the water surface with the adaxial side facing the atmosphere (Fig. 1A, B) . The floating leaves always had hydrophilic (CA < 90 ) abaxial sides but superhydrophobic (CA > 150 ) adaxial leaf surfaces (Table 1) . As a consequence, leaf gas films were only retained by the adaxial side when floating leaves were experimentally submerged (Table 1) . Mean stomatal density was 141 and 45 mm -2 for the adaxial and abaxial side, respectively, which were significantly different. When comparing floating leaves with aerial leaves, there were no differences in leaf porosity or specific leaf area (SLA) ( Table 1) .
A manipulative laboratory experiment with leaf segments from floating leaves collected in the field showed that there was no significant effect upon underwater P N of brushing the abaxial side with 0Á05 % Triton X-100 (Fig. 3) . Only when the hydrophobicity of the adaxial side was removed did the underwater P N decline significantly as a gas film was no longer formed, and the underwater P N did not decline any further when both sides were brushed by 0Á05 % Triton X-100 (Fig. 3) . These diagnostic tests were carried out at a CO 2 concentration of 700 mmol CO 2 m -3 , representing the early morning habitat water concentration. Surprisingly, the underwater P N was systematically 1Á5-fold higher in unbrushed controls and leaf segments brushed abaxially than the interpolated P N obtained at 700 mmol CO 2 m -3 for aerial leaf segments with gas films in Fig. 2 .
The observed difference in underwater P N between aerial leaves and floating leaves fuelled the hypothesis that the gas exchange could differ between the adaxial and abaxial leaf surface of floating leaves. That is, if the cuticle changes that led to loss of hydrophobicity when floating on the water surface also resulted in better permeability to O 2 , the internal accumulation of O 2 in light would be less, causing lower photorespiration. Hence, O 2 microelectrodes were used to obtain concentration profiles of O 2 in the DBL above adaxial as well as abaxial leaf surfaces, and from the linear slope in the DBL (Fig. 4A) the O 2 flux into the leaf could be calculated (Fig. 4B) . These measurements revealed that the dark O 2 flux was indeed significantly higher on the abaxial side, which had naturally lost hydrophobicity, than on the adaxial side where the hydrophobicity had been experimentally removed immediately prior to the measurements (Fig. 4B) . The higher O 2 permeability on the abaxial side would also persist in light and potentially result in less O 2 accumulation inside the tissue and therefore also potentially lower photorespiration.
Scanning electron microscopy of aerial and floating leaves
The differences between the adaxial and abaxial leaf surfaces in terms of hydrophobicity and gas film thickness could be related to the hierarchical three-dimensional structure of the leaf surfaces. The SEM micrographs showed that both leaf sides possessed high densities of wax crystals (Supplementary Data  Fig. S1 ) and papillae ( Fig. 5E-H) , which could explain their superhydrophobicity. However, the adaxial side had a more plicate shape with deeper grooves which could retain a higher volume of gas compared with the abaxial side when submerged (Fig. 5A-D) . The adaxial sides had a similar appearance for aerial and floating leaves, but the abaxial sides showed some differences. In aerial leaves, the abaxial sides had a gas film, whereas they did not in the floating leaves. This absence of a gas film was associated with the tips of the papillae being smooth and seemingly without wax crystals (Fig. 5H) . Furthermore, the abaxial sides were partly covered by a biofilm on the floating leaves (Fig. 5H) .
DISCUSSION
In the present study, we found that aerial leaves of Glyceria fluitans showed abundant gas film formation when submerged, and the gas films considerably enhanced underwater net photosynthesis (P N ). The gas exchange of floating leaves also benefitted from gas film formation when submerged, but gas films only formed on the adaxial side as the abaxial side was wettable. Below, we discuss these findings in a general context of flood tolerance of wetland plants and propose that lower photorespiration by floating leaves may explain the higher underwater P N of this leaf type compared with submerged aerial leaves, but there could also be other reasons for this difference. Moreover, we discuss the importance of macro-, micro-and nano-structures for leaf hydrophobicity as these differ between aerial and floating leaves and also between the adaxial and abaxial side of the lamina.
Leaf gas films enhance underwater gas exchange by lowering the resistance to gas exchange between leaves and floodwater (Verboven et al., 2014) . Also, in the present case of G. fluitans, leaf segments with gas films had substantially higher underwater P N particularly at floodwater CO 2 concentrations below 2 mol m -3 (Fig. 2) . At higher CO 2 concentrations, the response curve of leaf segments with or without gas films converged as the underwater P N was no longer restricted by CO 2 entry. Such a response has previously been observed for rice (Pedersen et al., 2009; Winkel et al., 2013) , but in the case of, for example, Phragmites australis (Colmer and Pedersen, 2008) and wheat , the two curves never converged even at extremely high external CO 2 availability. The initial slope of the CO 2 response curve of leaf segments with gas films was 12-fold steeper than for segments without [the reduction by gas films in apparent resistance to CO 2 entry in leaves of rice was only 3Á0-to 4Á7-fold (Pedersen et al., 2009; Winkel et al., 2013) ]. Moreover, the K m of gas film segments was 172 mmol CO 2 m -3 or only approx. 10-fold atmospheric equilibrium. Furthermore, the high CO 2 concentration found in the natural habitat (750 mmol m -3 ) would result in an underwater P N of 81 % of P max if aerial leaves became submerged at times of high insolation. In fact, G. fluitans performed very well under water, with a P N of 165 % of that of rice [measured at 30 C (Pedersen et al., 2009)] or 130 % of that of wheat [measured at 20 C . Surprisingly, we found that floating leaves performed better than aerial leaves when submerged. The underwater P N shown in Fig. 3 was measured at 700 mmol CO 2 m -3 and the obtained rate was 1Á5-fold higher than that of aerial leaves (Fig. 2) measured at the same CO 2 availability (8Á5 and 5Á7 lmol O 2 m -2 s -1 , respectively); this difference is even more surprising considering the fact that the floating leaves only formed gas films on the adaxial side of the lamina when submerged. We are unable to explain why these rates differ so much, but the experiment was repeated and confirmed the initial observation (data not shown). However, the dark O 2 flux from the floodwater into the leaf tissues was 1Á4-fold higher on the abaxial side that had lost the hydrophobicity already in the field situation (Fig.  4B) , suggesting that the permeability to O 2 is different on the adaxial and abaxial side of these floating leaves. We therefore speculate that the 50 % higher underwater P N in floating leaves could be caused by lower photorespiration as O 2 would escape to a larger extent from the floating leaves compared with aerial leaves, resulting in less internal accumulation of O 2 in the light and thereby changing the ratio of CO 2 to O 2 around Rubisco. The proposed mechanism would have to be tested in a study designed to assess internal CO 2 and O 2 in combination with measurements of the glycine to serine ratio that is considered a sensitive indicator of photorespiratory activity (Wingler et al., 2000) . However, there could also be other reasons as to why we observed differences between the photosynthetic rates of floating and aerial leaves. For aerial leaves, stomatal densities were not different between the leaf sides, but for floating leaves the density was higher on the adaxial side compared with the abaxial side. In the absence of a gas film, a modelling study has demonstrated that only a very small fraction of the gas exchange occurs via stomata in rice; however, when a gas film is present, by far most of the gas exchange with the floodwater occurs via stomata provided that they are open (Verboven et al., 2014) . Therefore, the adaxial side of the floating leaves could potentially have a more well-functioning gas film because of a higher stomatal density, but it still seems unlikely to explain the differences between the two leaf types as the aerial leaves had a gas film on both sides, which should also be beneficial. However, the combination of a well-functioning gas film on the adaxial side and a more permeable cuticle on the abaxial side may cause the floating leaves to be superior, although it is difficult to explain the exact mechanism behind this. Another explanation could be that the aerial leaves had more tissue with lower photosynthetic capacity, but similar SLA values indicated that the two leaf types had the same thickness. It could also be that light reflection caused by the gas film played a role and, if so, the reflection would be higher in the aerial leaves as they had gas films on both sides. However, a study of wheat has demonstrated that the reflection effect of a gas film was only significant at low light intensities below 50 lmol photons m -2 s -1 . In the present study, the leaf segment were exposed to 1000 lmol photons m -2 s -1 during the photosynthesis measurements, so it is unlikely that differences in reflection alone can explain the differences between the two leaf types, but the phenomenon might contribute to the explanation of the observed different photosynthetic rates.
Wettability measured as CAs were different between the adaxial and abaxial surfaces in both aerial and floating leaves. In aerial leaves, the adaxial leaf sides had higher CAs than the abaxial sides, but both sides were superhydrophobic (CAs of > 150 ) and retained a gas film when submerged. The steep CAs and superhydrophobicity of the adaxial surfaces were a result of a hierarchical structure at three scales: the macro-, micro-and nano-level. On the macro-scale, the plicate shape of the leaf with alternating ridges and grooves parallel to the longitudinal axis of the leaf contributes to the superhydrophobicity (Fig. 5A, C) also known as the Cassie-Baxter model (Nosonovsky, 2011) . On the micro-scale, surface hydrophobicity was provided by convex papillose epidermal cells forming papillae (Fig. 5E, G) , and finally on the nano-scale by a very dense arrangement of three-dimensional epicuticular waxes (Supplementary Data Fig. S1A ). Neinhuis and Barthlott (1997) investigated the surface structures of > 200 water-repellent plant species, and concluded that most of them possessed such hierarchical leaf surface structures contributing to their hydrophobicity. Wetting of such hierarchical structures is minimized because air is trapped in cavities of the convex cell arrangements, and the hierarchical roughness enlarges the water-air interface while the solid-water interface is reduced (Bhushan and Jung, 2008) . The features of superhydrophobic plant surfaces have been studied in detail for the sacred lotus (Nelumbo nucifera), where it has been reported that its persistent superhydrophobicity is attributed to the robustness of its leaf papillae in combination with their high density (Ensikat et al., 2011) . In the present study, the abaxial surfaces of aerial leaves had papillae and epicuticular waxes, but not ridges and grooves to the same extent as the adaxial surfaces (Fig. 5B) . As a result, the gas films were almost three times thicker on the adaxial side, which could be attributed to the plicate structure of the surface with ridges and grooves. The grooves contribute to the superhydrophobicity and contain a relatively high volume of gas, which therefore results in a higher mean gas film thickness compared with leaf surfaces without grooves, as has been demonstrated by Lauridsen et al. (2014) . Floating leaves possessed only a gas film on the adaxial side, whereas the abaxial side had hydrophilic properties and smooth papillae without wax crystals, so they did not retain a gas film. It has been shown previously that aerial leaves of G. fluitans can retain the gas films for at least 4 d under water, but it disappears on both leaf sides when completely submerged for a longer period of time, and the loss of gas films was associated with the leaves being covered by an unidentified substance . In the present study, the abaxial sides of the floating leaves were hydrophilic but were not completely covered by a substance, although some biofilm was present (Fig. 5H) .
In summary, there are two types of leaves in G. fluitans; aerial and floating leaves. Both leaf types benefit from forming a gas film when they become submerged as the gas film enhances the gas exchange with the floodwater, resulting in higher rates of photosynthesis. However, aerial leaves possess gas films on both sides, whereas floating leaves only have gas films on the adaxial side. Nevertheless, the floating leaves performed very well in terms of photosynthesis under water, which could be due to a higher O 2 permeability of the abaxial surface, possibly leading to lower rates of photorespiration, but other factors could also contribute to the differences between the two leaf types. Therefore, it appears that the floating leaves possess both aquatic and terrestrial properties and thus have 'the best of both worlds'. This means that the floating leaves are particularly well adapted to a situation where the plant is partially submerged and occasionally experiences complete submergence.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of Figure S1 : scanning electron microscopy (SEM) images of adaxial and abaxial aerial leaf surfaces of Glyceria fluitans at Â 5000 magnification.
